Multiple sclerosis (MS) is a common demyelinating disease of the central nervous system mediated by autoimmune and neurodegenerative pathogenic mechanisms. Multiple genes account for its moderate heritability, but the only genetic region shown to have a large replicable effect on MS susceptibility is the major histocompatibility complex (MHC). Strong linkage disequilibrium (LD) across the MHC has made it difficult to fully characterize individual genetic contributions of this region to MS risk in previous studies. African Americans are at a lower risk for MS when compared with northern Europeans and Americans of European descent, but greater haplotypic diversity and distinct patterns of LD suggest that this population may be particularly informative for fine-mapping efforts. To examine the role of the MHC in African American MS, a case -control association study was performed with 499 African American MS patients and 750 African American controls that were genotyped for 6040 MHC region single nucleotide polymorphisms (SNPs). A replication data set consisting of 451 African American patients and 718 African American controls was genotyped for selected SNPs. Two MHC class II SNPs, rs2647040 and rs3135021, were significant in the replication cohort and partially tagged DRB1 * 15 alleles. Surprisingly, in comparison to similar studies of individuals of European descent, the MHC seems to play a smaller role in MS susceptibility in African Americans, consistent with pervasive genetic heterogeneity across ancestral groups, and may explain the difference in MS susceptibility between African Americans and individuals of European descent.
INTRODUCTION
Multiple sclerosis (MS) is a common demyelinating disease of the central nervous system mediated by autoimmune and neurodegenerative pathogenic mechanisms (1) . Evidence of measurable genetic influence on susceptibility includes increased familial risk (2-4) independent of environment (5-7) and a concordance rate of 30% between monozygous twins (8) . In addition, genomewide scans in populations of European descent have identified MS-associated loci that were replicated across different cohorts (9) (10) (11) (12) (13) (14, 15) for review]. The major signal maps to the MHC class II sub-region and is in linkage disequilibrium (LD) with the extended HLA-DQB1 * 06:02, HLA-DQA1 * 01:02, HLA-DRB1 * 15:01, HLA-DRB5 * 01:01 haplotype. A recent study of 1472 single nucleotide polymorphisms (SNPs) genotyped in the MHC region of MS patients and controls of European descent confirmed putative independent association signals in the telomeric class I and class III regions in addition to the well-established class II association (16) . However, the strong LD in the region has hindered the ability to further refine the major locus of susceptibility or to identify other independent smaller effects in populations of European descent. Although MS is rare in Black Africans, African Americans are susceptible (17) . On average, MS appears to take a more aggressive course in African Americans than in Northern Europeans (18) (19) (20) . In African Americans, the HLA-DRB1 MS susceptibility association was shown to be independent of the neighboring HLA-DQB1 (21) and HLA-DRB5 (22) genes. Interestingly, African origin DNA at the MHC was associated with disease severity (19) and the HLA-DRB5
* null allele was associated with MS progression (22) . These studies show the usefulness of African American data sets for dissecting the effect of the MHC genes in disease susceptibility. To further characterize the African American MHC region and to clarify the role of the MHC genes in MS, 6040 MHC SNPs were genotyped and analyzed in an African American MS data set.
RESULTS

Population parameters
After all quality control methods were implemented, 496 patients and 735 controls remained for analysis in the discovery sample (Table 1) . For the patients, 75% were female, average percent European ancestry was 20% (median ¼ 17.8%), average age of onset was 33 years, average disease duration was 10.6 years and 53% had a relapsing remitting disease course. In this data set, the average percent European ancestry in controls was 18.5% (median ¼ 16.5%), which is significantly different from the cases (Van der Waerden Normal Quantiles test P ¼ 0.002). To adjust for this variance, the first principal component, which is very significantly correlated with percent European ancestry (r 2 ¼ 0.96; Spearman's rho P , 0.0001), was used as a covariate throughout the discovery analysis. Figure 1 displays the LD decay for each of the four populations: the MS discovery cohort, the CEU HapMap population (European), the YRI HapMap population (African) and the ASW HapMap population (African American). The LD decay of the MS cohort overlapped with that of the ASW population, and compared to the CEU and YRI populations, the African American populations had the lowest extent of LD in the MHC region (see also Supplementary Material, Fig. S1 ). This confirmed that the African American population exhibits lower LD than the European populations, which could facilitate the generation of a more refined map of MS association signals in the MHC. Interestingly, the YRI population had LD decay intermediate to that of the CEU and African American populations.
Linkage disequilibrium
Association analysis in the discovery sample
A total of 4942 post-QC MHC SNPs were analyzed in 496 African American MS patients and 735 African American control individuals for association with MS. Figure 2A displays the -log 10 (P-values) of the SNPs across the MHC region. The most significantly associated SNP occurred at rs2647040 in the class II region (P ¼ 3 × 10
25
). To select SNPs for the replication analysis, rs2647040 was fit as a covariate in the next round of analyses (Fig. 2B) , for which rs2772372 was the most significant SNP (P ¼ 5 × 10 24 ). Both SNPs were then fit into a third analysis for the selection of the next SNP. This process was continued until 10 SNPs were selected for replication ( Table 2 ). The selected SNPs span the MHC region (3 of the 10 SNPs were in the MHC class I, 3 in class II, 1 in class III, 2 in class I extended and 1 in class II extended regions).
In addition, given the relatively low level of overall statistical significance observed in African Americans compared with individuals of European descent, equivalence intervals were computed. For 21 SNPs in five LD blocks (r 2 . 0.8), the discovery cohort failed to show that the carrier frequency difference between cases and controls was lower than 12%, suggesting a lack of evidence for non-association with the trait. One SNP from each block was then taken for the replication study. Three out of five of these SNPs were not included in previously identified set of 10 candidate SNPs (rs614549, rs12614 and rs2621419).
Replication
The 10 SNPs selected from difference analyses and the three selected from equivalency testing of the discovery population were genotyped in an independent cohort of 451 African American patients and 718 African American controls for replication ( (Table 2 ). Although the P-values were smaller in the combined than the discovery analyses for 5 out of the 11 SNPs tested, the direction of the effects was similar in the discovery and replication analyses.
DRB1 allele tagging SNPs
Because HLA typing was only available for part of the data, adjustment and/or stratification for HLA-DRB1 Table 4 ). The haplotype frequencies presented in Table 4 suggest that several common SNPs interplay to capture the HLA polymorphism component when present in a model. In this case, rs3135021 subdivides the HLA-DRB1 * 15:03-rs2647040 * A haplotype (13.3%) into two: * 15:03-A-A (7%) and * 15:03-A-G (6.3%). Similar observations are made by adding more MHC class II SNPs (data not shown).
DISCUSSION
The MHC class II region has been repeatedly shown to have a large association with MS susceptibility in European populations and their descendants (reviewed in 14), but the extent of LD in Europeans has been an obstacle in pinpointing the specific MHC genes associated. Utilizing populations with presumed lower LD may be a way to circumvent this problem. Therefore, an association study, reported herein, was performed using approximately 5000 extended MHC SNPs in 496 African American MS patients and 735 African American control individuals, with a follow-up analysis of selected SNPs in a replication data set of 451 African American MS patients and 718 African American MS controls.
As hypothesized, the extent of LD in the MHC was less in African Americans than in Europeans, showing that indeed the African American population is better suited to tease out the HLA effects on MS susceptibility than Europeans in regards to LD. Interestingly, while the African population had a lesser extent of LD than the European population, it had a greater extent of LD than the African American populations. This is likely a reflection of the recent influx of European haplotypes and alleles during admixing, thereby partially disrupting the ancestral African patterns of LD in the region.
Associations
SNPs in the MHC were tested for an association with MS susceptibility using difference and equivalency testing. While difference testing returns the probability of observing an association by chance, equivalency testing returns the probability of observing a lack of association by chance. The combination (24) . Although only 64% (n ¼ 1526) of the individuals in the data set had HLA-DRB1 genotypes available, it is expected that the tagging results would be similar if HLA-DRB1 genotypes were available for the entire population. Therefore, if all individuals had HLA-DRB1 genotypes available, it would be interesting to fit allele count of HLA-DRB1 * 15:01 into the models of analyses to determine if the partial tagging of HLA-DRB1 * 15:01 by the two replicating markers is alone responsible for their significance.
Although the association of these two SNPs may be derived from their partial tagging of HLA-DRB1 * 15 alleles, it is still of interest to discuss other loci close to the SNPs. The SNP rs2647040 is near another SNP associated with rheumatoid arthritis (25) (rs9275390; 1.9 kb away) and HLA-DQB1 (32 kb away) is the nearest gene. In populations of European descent, DRB1 * 15:01 is in high LD with DQB1 * 06:02, which hindered efforts to separate the effects of the two loci on MS susceptibility in those populations. However, Oksenberg et al. (21) utilized an African American MS data set to show that, at least in African Americans, DRB1 * 15:01 had an association independent of DQB1 * 06:02, and that no significant association of DQB1 * 06:02 independent of DRB1 * 15:01 was identified. However, it is still possible that other alleles of DQB1 are associated independently of DRB1 with MS susceptibility in African Americans (26, 27) .
The SNP rs3135021 is located in an intron of HLA-DPB1. This locus was shown to have a strong association with MS susceptibility in a Chinese data set (28) in which there was a lack of association between DRB1 * 15:01 and MS susceptibility. In Japanese data sets, DRB1 * 15:01 was associated only with conventional MS, whereas DPB1 * 05:01 was associated with opticospinal MS (29) . Similarly, an opticospinal form of MS is more common in African Americans than in individuals of European descent and, unlike typical MS, is not associated with HLA-DRB1 * 15 alleles (18, 30) . It is therefore possible that the association of rs3135021 with MS in African Americans may be through HLA-DPB1 rather than HLA-DRB1 alleles.
Comparing to studies in individuals of European descent
The MHC difference testing association analyses in the discovery cohort yielded no associations with MS susceptibility that were significant at an FDR P ¼ 0.1. This is surprising considering the magnitude of the associations of the MHC in studies of MS susceptibility in European populations (10, 13, 16) . The early success in identifying the relevance of the HLA reflects the strong effect of the MHC region, where nominally significant association was detected with just 32 cases (31) and a highly significant association was shown with fewer than 200 (32). The combined discovery and replication population in the current study consisted of 947 African American cases and 1453 African American controls, which is comparable in size to the case/control data set analyzed by Baranzini et al. (10) (978 patients and 883 controls of European descent). The most significant SNP in the MHC region in the Baranzini study was rs3129934, which had a P-value of 8.88 × 10 234 and an odds ratio of 2.657 (95%: 2.262-3.122) using only 1169 MHC SNPs. In the current study, which used almost five times as many MHC region SNPs, the most significant SNP had a P-value of 2.1 × 10 29 with an odds ratio of 1.429 (95%: 1.265 -1.615). This suggests that the MHC influences MS susceptibility to a lesser extent in African Americans than individuals of European descent, which may explain the lower prevalence of MS in African Americans. These results may be, in part, due to the difference in risk allele frequency between the two populations. As the frequency of a risk allele gets lower, the power to significantly detect differences decreases (Supplementary Material, Fig. S3) . Alternatively, the difference in significance and effect sizes may be due to reduced LD in the region in African Americans resulting in lower total coverage. However, since almost five times as many SNPs were in the region in the current study, low LD is unlikely to have played a role in the modest MHC effect.
Conclusions
Results from analyses of discovery and replication populations together suggest that the MHC is less associated in African Americans than in individuals of European descent, indicating that part of the association observed in African Americans may come from European DNA which is diluted in the great genetic variation exhibited by the African Americans. Indeed, the large amount of genetic variation present in African Americans results in the population having a lesser extent of LD than either populations of European descent or African populations. Results from the HLA-DRB1 * 15 tagging analyses for the two replicated SNPs indicate that the MHC association seen in this population is likely partially due to the effects of HLA-DRB1, which is the major susceptibility locus in individuals of European descent. However, given the differences between MS in African Americans and individuals of European descent in terms of disease severity and prevalence, it is possible that the genetic control of susceptibility might also be different between the two populations. This difference may be partially reflected in the weaker, yet significant, association of the MHC class II region with MS in African Americans identified in this study.
MATERIALS AND METHODS
Subjects
The discovery data set consisted of DNAs from 499 African American MS patients and 750 healthy controls genotyped for 6040 MHC region SNPs using a custom Infinium iSelect HD Custom Genotyping BeadChip (Illumina, Inc.). The MHC SNPs were selected based on previously described methods (33, 34) , having an Illumina design score of one or greater, in complete disequilibrium (r 2 ¼ 1) with HapMap II SNPs and with a 5% or greater minor allele frequency. In addition, we included 'common untagged' SNPs from the Wellcome Trust MHC sequencing project (35) and selected ancestry informative SNPs in the MHC region. In addition, 4431 non-chromosome 6 SNPs were genotyped for population stratification correction on the same platform. These SNPs were selected based on ability to distinguish ancestry between major racial groups and subgroups (36, 37 ). An independent data set consisting of 451 MS patients and 718 control individuals was available for the replication study of SNPs chosen from the results of the discovery analyses. Recruitment and demographic characteristics of all MS patients and part of the control individuals for both the discovery and replication data sets are reported elsewhere (19, 21) . The control individuals were supplemented with African American control individuals from the CLEAR Registry (discovery n ¼ 398, replication n ¼ 404) (38) . All MS patients met the International Panel MS diagnostic criteria (39). African American ancestry was self reported. The UCSF institutional review board approved this study and all participants gave written informed consent. All quality control and analyses were completed using JMP Genomics 4.0 (SAS Institute Inc.) and R version 2.9 (40), unless otherwise noted. SNP names herein correspond to NCBI dbSNP build 130:human_9606 (41).
Quality control
Individuals were removed from the analysis if they had greater than 5% failed genotype calls. Markers had to meet several criteria to be included in the study: GenCall score (Illumina's genotype quality measure) .0.2, ,10% missing genotypes, minor allele frequency .2% and Hardy -Weinberg equilibrium P-value . 0.001 in controls. In addition, markers were tested (chi-square) for differences in missing genotypes between cases and controls, and only markers with a P-value .0.001 were included in the study. After this standard quality control, 497 patients and 743 controls genotyped for 4942 SNPs across the MHC remained for the analysis. Additionally, to confirm the consistency of the control data, an association analysis was carried out in the discovery data set between the MS controls and the Clear Registry controls to identify MHC SNPs differing in allele frequency between the two groups. No SNPs were significantly different between the two groups [false discovery rate (23) P . 0.6].
Principal components analysis
For additional quality control, 4248 (post-standard quality control; Supplementary Material, Table S4 ) non-chromosome 6 SNPs were genotyped on all individuals to identify outliers, determine percent European ethnicity and correct for possible population stratification. These markers were used to generate the first 10 principal components for the population. Based on the scree plot (Supplementary Material, Fig. S5 ), only the first component, which accounts for 1.6% of the genetic variation captured by the SNPs, was of interest. For a subset (n ¼ 542) of individuals for which the genome-wide percent European ancestry was previously calculated with ancestry informative markers (22) , percent European was regressed onto the first component to verify that the component was capturing European ancestry. The resulting regression equation (r 2 ¼ 0.96) was then used to calculate percent European ancestry for the full data set. Plotting of individuals onto their first component (Supplementary Material, Fig. S6 ) leads to the identification of nine outliers (one patient and eight controls) that were removed from the analysis because of unexpectedly high European ancestry, resulting in a total of 496 patients and 735 controls remaining for the analysis. The first component was retained for use as a covariate in the association analyses to correct for ancestry differences.
Linkage disequilibrium
For further characterization of the African American MHC region, genotypic data downloaded from the HapMap (42) website for the Yoruban (YRI), European (CEU) and African American (ASW) populations were used to compare the extent of LD in the MHC region between African American, African and European populations. Common polymorphic MHC SNPs (n ¼ 2822) from the four populations (selected from 5044 SNPs in the MS population) were used for the analysis. In order to adjust for potential sample size effects, a random subset of unrelated individuals was selected from each of the MS, YRI and CEU populations to match the number of unrelated individuals in the ASW population (n ¼ 42; the smallest of the four populations). LD (D ′ ) was calculated with Haploview (43) for each of the populations using a maximum marker distance of 300 kb. The 'plot' and 'lowess' options in the R statistical software (40) were used to generate the pair-wise LD by distance plot for the MS, ASW, YRI and CEU populations.
Genetic association analysis
Logistic regression was employed to identify associations between SNP genotypes and patient/control status. Both the 'genotypic', which considers genotype as a discrete variable, and 'trend', which assumes that heterozygotes are phenotypically intermediate the two homozygotes, models were used. The first principal component was included in the models as a covariate to correct for ancestry effects. The most significant SNP from the primary analysis was used as a covariate in subsequent analyses. The most significant SNP from the secondary analysis was then included in the model with the first SNP for another analysis. This process was carried out seven more times, with the final model containing 9 covariate SNPs, to select 10 SNPs for replication. Selecting the SNPs in this manner prevents the retention of SNPs that are redundantly associated with susceptibility through LD to a more significant SNP. Because a replication population of approximately the same size as the discovery population was available, multiple testing corrections were not considered for the analyses, and therefore the P-values given are uncorrected.
Refining the strength of association signal
Given the strength of the association between SNPs and MS observed in persons of European ancestry, statistical methods used in equivalence trials were employed in an attempt to demonstrate that, if existing, the MS association is lower in African Americans than individuals of European descent. We implemented a pooled variance method for binomial variables following Barker et al. (44) . Considering a minimal carrier frequency difference between cases and controls for rs3135388 (the HLA-DRB1 * 15:01 tagging SNP) in individuals of European descent of 12% [conservatively estimated from (45)], we defined an equivalence interval as defined by Schuirmann (46) at the nominal significance level of 5%. Equivalence testing was applied to determine the extent that our discovery analysis has the power to identify the absence of a major genetic association for each SNP tested. For example, a non-significant SNP in equivalency testing suggests that a larger sample size would be required to rule out that, if existing, the frequency difference between cases and controls is lower than the threshold. Technically, this is achieved by reversing the null and alternate hypotheses of classical difference testing. Independent SNPs (r 2 , 0.8) which fail to pass this equivalence tests were included in the replication analysis. Applied on both the discovery and the replication cohorts, such a method locally evaluates the power of our study to detect or exclude a strong association with MS in the African American MHC region.
Replication
As previously mentioned, an independent population consisting of 451 African American MS patients and 718 African American control individuals was available for the replication study of SNPs chosen from the results of the discovery analyses. SNP genotyping was completed in the replication data set using ABI custom TaqMan assays designed on File Builder 3.0 software and TaqMan predesigned SNP genotyping assays. TaqMan SNP genotyping assays are conducted in 384-well plates using TaqMan Universal PCR Master Mix on an ABI 7900HT Sequence Detection System using SDS 2.3 software. The statistical models used were the same as in the analysis of the discovery cohort excluding the principal component which could not be calculated for the replication cohort because genotypes for the non-chromosome 6 ancestry SNPs were not available. Each SNP was analyzed with no other SNPs in the model, and an FDR P-value of 0.1 within model was considered the threshold for successful replication.
DRB1 allele tagging
A subset (n ¼ 1526) of the discovery and replication populations had known HLA-DRB1 * 15:01 and HLA-DRB1 * 15:03 statuses. To determine if any of the SNPs selected for replication were associated with MS through LD to these two HLA-DRB1 alleles, an analysis was performed to identify associations between the SNPs and HLA-DRB1 * 15:01 and HLA-DRB1 * 15:03 status. Sensitivity (Se) and specificity (Sp) of the SNPs to predict HLA-DRB1 alleles at the genotype level were computed. Confidence levels are given at 95%. In addition, haplotype frequencies were computed by maximum likelihood methods (47, 48) in order to investigate long range LD patterns.
